We examined the influence of forest fragmentation and resource availability on the abundance and distribution of Sumba Hornbill Aceros everetti, a large, canopy-dwelling bird endemic to Sumba Island, Indonesia. Hornbill numbers were estimated monthly from August 1998 to September 1999. Estimates were made in three large (≥1,000 ha) and three small (<1,000 ha) forest fragments, using a standard line transect method. Phenological patterns of canopy trees were assessed in 10 × 50 m plots. Our data indicated that forest patch size may be a better predictor of Sumba Hornbill abundance and distribution than overall resource availability. Hornbills occurred at higher densities in large forests (6/km2) than small forests (2.4/km2). Small forests produced more fruit/ha per month but lacked a number of important hornbill food species. Monthly fruit availability in large and small forest fragments had no significant effect on fluctuations in hornbill density. However, hornbill densities were significantly higher in forests with high densities of strangling figs, after controlling for patch size, and in larger forests hornbill densities correlated with the abundance of ripe figs. We hypothesize that small patches still have conservation value if they are within hornbill ranging distance, and speculate that Sumba's forests are in a dynamic phase before the full impact of fragmentation has been expressed.
Introduction
Fragmentation is one of the most common results of habitat disturbance in forest ecosystems (Harris 1984 , Pickett and White 1985 , Laurance and Bierregaard 1997 , Wilcove et al. 1986 ) and has been shown to have a wide variety of effects on plant and animal assemblages across taxonomic levels. The most obvious effects of fragmentation and accompanying habitat loss are changes in diversity resulting from species loss (Newmark 1987 , Laurance 1989 , Malcolm 1994 , Restrepo et al. 1997 , Sieving and Karr 1997 , Karr 1982 , Brown and Hutchings 1997 , Klein 1989 and changes in relative abundance (Lynam 1997 , Rylands and Keuroghlian 1988 , Decker and Kinnaird 1992 , Menon and Poirier 1996 , Tocher et al. 1997 , Terborgh 1990 , Robinson 1998 . Less obvious effects include changes in ecological processes such as germination and recruitment (Laurance et al. 1998 , Malvido 1998 , Turner et al. 1996 , Trillium ovatum: Jules 1998 , Heliconia acuminata: Bruna 1999 , mortality (Robinson 1998 , Sieving and Karr 1997 , Wong et al. 1998 , Wilcove 1985 , Terborgh and Winter 1980 and reproduction (Gibbs and Faaborg 1990, Burke and Nol 1998) . These changes have profound implications for population viability and long-term persistence of plants and animals (Soulé and Wilcox 1980 , Soulé 1987 , Lande 1988 .
Resource availability also strongly influences species abundance and distribution (Gilbert 1980 , Wheelwright 1983 , Blake and Loiselle 1991 , Sinclair and Norton-Griffiths 1995 , Kinnaird et al. 1996 , and fragmentation may influence distribution and availability of resources. The distribution and availability of fruit may be influenced by changes in soil moisture and plant demography that result from increased edge effects associated with fragmentation. Kapos et al. (1997) reported reduced soil moisture near the edges of forest fragments, a condition that has been shown to trigger flowering and fruiting of tropical trees (Foster 1982 , Rathcke and Lacey 1985 , Kinnaird 1992 . Tropical trees tend to be long-lived and occur at low densities. Tree species in small fragments therefore may occur in non-viable numbers (Bierregaard et al. 1992 ) and may go extinct through stochastic processes (Lande 1988) , thereby reducing fruit availability and diversity. Populations that persist in small fragments may suffer increased structural damage from high winds (Ferreira and Laurance 1997) and increased mortality (Nason et al. 1997) , reducing population size and resulting in fewer fruiting trees. Invertebrate and vertebrate species that rely on fruit would be expected to decline as food supplies decline in fragments.
Although many researchers have investigated the effects of forest fragmentation on birds, most of these studies have come from the New World. Little is known about fragmentation effects for large, canopy-dwelling species (Galletti 1996) , especially in the Asian tropics (Laurance and Bierregaard 1997) . Additionally, few studies have examined the interaction between forest fragmentation and resource availability (Burke and Nol 1998) , especially at the landscape level. The Indonesian island of Sumba provides a perfect setting to examine the influence of forest size and resource availability on a large frugivorous bird, Sumba Hornbill Aceros everetti.
Sumba is the third largest island (10,854 km2) in the Lesser Sunda Island chain and the southern-most island in Indonesia. Due to its restricted geographic range, small population size and extensive habitat loss, Sumba Hornbill is categorized as one of the most endangered hornbills in the world (Kemp 1995 . Previous research has shown that Sumba Hornbills are rare in forest fragments under 1,000 ha in size but does not address whether rarity was a function of patch size, differences between patches in key resources, or a combination of these factors Since 1927, forest loss in Sumba has averaged 6,000 ha/year, resulting in a loss of over 60% of Sumba's forest cover (Marsden and Jones 1997) . The remaining forests now exist as islands of habitat in a matrix of open wood-and grasslands. Closed-canopy forest (hereafter referred to as forest) now covers less than 11% of the island. What remains is fragmented into approximately 34 patches ranging from 16 to 42,500 ha (McKnight et al. 1994) . Only five forest patches (15%) exceed 2,500 ha in extent while almost 45% are below 500 ha in size .
We examine the influence of forest fragment size and food availability on Sumba Hornbill abundance and distribution. Because other species of Aceros hornbills are known to range over wide areas (Aceros undulatus: 28 km2, Poonswad and Tsuji 1994, Aceros cassidix: 55.8 km2, Suryadi et al. 1998) , we predict that large patches are more likely to contain entire homeranges and therefore more hornbills than small patches. In addition, we expect hornbill numbers to fluctuate relative to fruit availability, especially fig species, as demonstrated by Kinnaird et al. (1996) . If food supply drives hornbill abundance and small forests produce similar amounts of fruit per hectare to large forests, we would expect hornbill densities in large and small forests to be similar. Alternatively, if patch size, or some other non-food correlate such as number of nest trees, is critical then hornbill densities should be higher in large patches, regardless of variation in food supply.
Methods

Study area
We studied six forest fragments, dispersed across the Sumba landscape, from August 1998 through September 1999. Forest choice was random but constrained by accessibility. Forests varied in size, vegetation composition, structure, and degree of disturbance (Banilodu and Saka 1993) . Three forests each were categorized as large (≥1,000 ha) or small (<1,000 ha; Table 1 ), according to the protocol used by O'Brien et al. (1998) .
(1) Watumbelar forest, also referred to as the Langgaliru forest complex, was the largest sampled and ranges from 300 to 420 m above sea level (a.s.l.). It is a semi-deciduous monsoon vine forest, dominated by Palaquium obovatum (Sapotaceae) and Canarium oleosum (Burseraceae; Banilodu and Saka 1993).
(2) Manupeu forest lies directly west of the Langgaliru complex, ranges from 170 to 450 m a.s.l. and is one of the last lowland forest fragments on Sumba. A semi-deciduous monsoon vine forest, with some evergreen monsoon forest and open swamp areas, it is dominated by P. obovatum, Aglaia eusideroxylum (Meliaceae) and Myristica littoralis (Myristicaceae). (3) Wanggameti forest, at 800-1,225 m a.s.l., is classified as lowland evergreen forest, with some elfin forest at higher altitudes. Its tree community is dominated by Podocarpus imbricatus (Podocarpaceae) and Planchonella nitida (Sapotaceae). (4) Porunumbu forest is a typical semi-deciduous monsoon forest, with most forest occurring along ridge-tops at 500-700 m a.s.l. Its dominant tree Banilodu and Saka 1993) . (5) Waimangura forest ranges between 300 and 400 m a.s.l. and is dominated by Ficus septica (Moraceae) and Melochia umbelata (Sterculiaceae) trees. (6) Cambaka forest ranges between 150 and 250 m a.s.l. and is dominated by Chisocheton sp. and Tetrameles nudiflora (Datiscaceae) trees. Mean annual rainfall on Sumba varies between 500 and 2,000 mm . During our study, annual rainfall was greater in East Sumba (2,300 mm, Waingapu weather station) and rains were earlier than in West Sumba (1,100 mm, Waikabubak weather station). Temperature throughout the year varied between 20°C and 33°C.
Data collection and analysis
Forests were surveyed monthly (with the exception of November 1998 and February 1999) to estimate hornbill densities, using a standard line transect method (Buckland et al. 1993) . Each forest was sampled in proportion to its size (Table 1) . Transects were walked twice each month between 06h30 and 11h00, when hornbills were believed to be most active. If hornbills were seen during surveys, the following data were collected: angle from the trail to the birds, distance to the birds, cue for initial detection (seen, heard calling, or heard flying), number and sex of individuals, and activities (feeding, foraging or nesting).
Data were insufficient for the program DISTANCE to calculate monthly density (Buckland et al. 1993) , so density estimates (birds/km2) for each forest were made by multiplying the number of hornbills observed by the area sampled (Buckland et al. 1993) . We used analysis of covariance to examine the effects of forest size, measures of fruit abundance and strangling fig density on monthly estimates of hornbill density (Sokal and Rohlf, 1981) .
We established vegetation plots (10 × 50 m) at 500 m intervals along half the distance of each line transect, e.g. plots were established along the first 3 km of a 6 km line transect (Table 1) . In each plot, we tagged and collected the following data for all trees >10 cm: scientific name, diameter at breast height (DBH), estimated height (to the nearest 5 m), presence of multiple stems (coppicing), and whether first major branching was above or below half of the tree's height (inversion point). The latter two measurements were used as indices of past disturbance, since multiple branching or bifurcation below the vertical midpoint of a tree may result if canopies are opened and light conditions increase. Canopy closure was estimated per plot, as the average percentage of the sky obscured by vegetation, in a field of view determined by a 10 cm length of 5-cm-diameter PVC pipe (n = 10 random points). The number of cut trees and stumps within each plot was recorded as an indication of the level of disturbance. Two-sample t-tests were used to compare habitat structure and degree of disturbance between large and small forests (Sokal and Rohlf 1981) .
Phenological patterns
Individual trees were tagged and examined monthly for the presence of flowers and fruits. Trees were classified according to the types of fruit they bore (husked fruit, fleshy fruit, beans or pods and figs). Monthly phenology scores of fruit cover and abundance for each forest patch were calculated only for "hornbill fruits" (strangling figs, fleshy and husked fruits). "Hornbill fruits" were categorized as those families and genera known to be consumed by other Aceros hornbills (Leighton 1982 , Kemp 1995 , Suryadi et al. 1994 or those whose seeds were found under active Sumba Hornbill nests (Suryadi in litt. 1996) . All freestanding (n = 1) and strangling figs (n = 6 species) within 10 m of the first half of each transect were monitored because figs trees were rare within plots but are known to be important in the diet of Aceros hornbills (Leighton 1982 , Kemp 1995 , Suryadi et al. 1994 . We estimated fruit availability in two different ways; first, as percentage canopy cover and, second, as the total number of fruits on a tree (crop size). To estimate percentage canopy cover, we scored the abundance of fruits and flowers on a scale of 0-4, where 0 = none of the canopy covered in flowers and fruits, 1 = 1-25% covered, 2 = 26-50% covered, 3 = 51-75% covered and 4 = 76-100% covered (sensu Struhsaker 1975) . Average canopy cover by fruit was estimated as the midpoint of the fruit index for each tree and then averaged over all trees in the sample. Similar methods were used to calculate monthly average canopy cover by fruit type.
We derived estimates of fruit abundance by calculating the total monthly crop per plot and averaging across plots. Fruit abundance was divided into ripe and unripe fruits, and was calculated for all fruit types used by hornbills and for each category of fruit type. The percentage of ripe fruits was estimated to the nearest 5%. To estimate the total number of fruits present on a tree (crop size), fruit numbers by order of magnitude were estimated (10s, 100s, 1,000s, 10,000s, etc.). Fruit abundance was then categorized at one of three levels (1-3, 4-6, 7-9) and this was multiplied by the order of abundance i.e. category 1-3 represents 10-30 fruits, 100-300 fruits, or 1,000-3,000 fruits depending on the order of magnitude (Leighton 1993 , Kinnaird et al. 1996 .
We used the Kruskal-Wallis test to determine whether differences in phenological patterns existed between forests. First overall differences in the distribution of fruiting patterns between forests were tested and then pairwise comparisons were made to determine which forests were significantly different in phenological patterns.
Results
Forest structure and phenology
We sampled 32 vegetation plots within six forest patches, for a total of 0.55 ha in small forests and 1.05 ha in large forests. As expected, due to area alone, larger forests had more tree families and tree species than smaller forests, but species richness was similar between large and small forests as measured by Menhinisk's Index (Magurran 1988) . Of 16 species, in five families, of important hornbill food trees known to occur on Sumba (Banilodu and Saka 1993; families Burseraceae, Gnetaceae, Lauraceae, Meliaceae and Myristicaceae), large forest plots contained 14 species in four families whereas small forest plots contained six species in two families. Large forest plots had significantly more trees per plot (t = 6.96, P < 0.0001, df = 29.38), smaller mean DBH (t = 3.33, P < 0.002, df = 30) and smaller basal area (t = 2.312, P < 0.039, df = 12.45) than small forests ( Table 2) . Large forests had fewer signs of disturbance as measured by the number of cut stumps (t = 3.9, P < 0.003, df = 10.79) and a lower degree of tree inversion (t = 3.096, P < 0.004, df = 30; Table 2 ). Large forests also displayed a lower rate of coppicing (1.5% vs 8.5%) but the difference was not significant (P = 0.07).
Phenological patterns varied among the six forest patches, due to variation in forest composition and differences in fruiting peaks (Figures 1 and 2) . Large forests tended to fruit more in the rainy season months of October to March, whereas small forests exhibited more uniform patterns of fruiting. Fruiting in large forests was significantly less (Kruskal-Wallis test: X2 = 40.171, P < 0.001, df = 1) than in small forests. Percentage canopy cover by fruit in large forests never exceeded an average of 4% per tree whereas in small forests, average canopy cover ranged up to 12% per tree (Figures 1 and 2) . Small forests also had larger fruit crops per plot than large forests (Kruskal-Wallis test: X2 = 30.227, P < 0.001, df = 1). By removing particular fruit types from the data and reexamining fruiting patterns we found that free-standing figs contributed most to the overall fruiting patterns of the small Waimangura forest (X2 = 39.97, P < 0.001, df = 5) and fleshy fruits contributed significantly to the larger Wanggameti forest (X2 = 49.44, P < 0.001, df = 5).
Hornbill density
We observed hornbills at least once in all forests, but they were seen more consistently in large forests (70% vs 25% of monthly surveys; Figure 3 ). Among smaller forests, hornbills were present in Porunumbu during the breeding season (August-January), but disappeared during the non-breeding season. Hornbills were recorded only once in Cambaka and twice in Waimangura. In large forests, we observed hornbills in most months in Watumbelar and Manupeu, but only sporadically in Wanggameti. Mean individual density was 6/km2 in large forests and 2.4/km2 in small forests. Small forest estimates were based, however, on a few sightings at close distances and may therefore be overestimates.
Our data indicate that the overall fruit availability and fruit types in large and small forest fragments had no significant effect on hornbill density. However, an analysis of the effects of forest size, strangling fig density and fig crop on hornbill density indicated that hornbill densities were significantly higher in large forests and in forests with higher densities of strangling figs (Tables 3 and  4 ). If we ignore small patches, which include many months with no hornbills, and consider only large patches then we find a weak but significant positive correlation between hornbill density and abundance of ripe figs (r S = 0.38, P = 0.027, n = 33). This suggests that hornbills may respond to fluctuations in fruit supply in the large patches and that the low density of hornbills in the large forest patch of Wanggametti may result from a low density of strangling figs (Table 3 ). 
Discussion
Our data indicate that forest patch size may be more important in determining Sumba Hornbill abundance and distribution than overall food availability. In spite of differences in elevation, structure and levels of disturbance among forests, we were still able to detect differences in hornbill density related to forest size and resource abundance. As predicted, hornbills occurred in higher densities in large forests than small forests. These results strengthen the earlier . F. Sitompul et al. findings of O'Brien et al. (1998) that relative abundance of Sumba Hornbills is higher in large forests across the species' range.
Although hornbill densities did fluctuate over time, their numbers were not related to our general measures of fruit availability. Kinnaird et al. (1996) , working in a relatively large, contiguous forest, found that temporal fluctuations in densities of the related Sulawesi Red-knobbed Hornbill Aceros cassidix were influenced by the availability of fig fruits, and (Banilodu and Saka 1993, Kinnaird et al. 1996, Kinnaird unpubl. data) has consequences for the overall availability of fig fruits. The asynchronous fruiting pattern within and among fig species (Janzen 1979 , van Schaik 1986 requires adequate population sizes of each species and adequate fig species diversity within a given area to ensure that at least one fig tree will be producing fruits at any given time within a hornbill's homerange.
A second factor that contributes to the low habitat quality of small forests is the under-representation or complete lack of other hornbill foods. Of the 16 nonfig species known to provide hornbill food, we recorded 14 species in our large forest plots but only six species in small forest plots. Although small forests had higher indices of fruit availability, the indices in Waimangura (Figure 1) were dominated by free-standing figs, primarily Ficus variegata, a species that fruits almost continuously but is never eaten by other Aceros hornbills and was never observed to be eaten by Sumba Hornbill. The families Meliaceae and Burseraceae, although present in the small forests, were under-represented. The small forests of Cambaka and Porunumbu had more preferred hornbill food species than Waimangura, but these trees occurred in small populations. Overall, small forests lacked species in the plant families Gnetaceae, Myristicaceae and Lauraceae, all of which were found in large forests.
We believe the lack of particular plant families in Sumba's small forests is a direct consequence of fragmentation. Tropical trees occur naturally at low densities (Hubbell and Foster 1986 ) and during the process of fragmentation, some rare species may be lost by chance alone (Lande 1988) . As small forests become less attractive to large frugivores, they visit less and so deprive tree populations of important seed dispersers. Hornbills are almost exclusive dispersers of some genera in the Myristicaceae and Meliaceae families (Leighton 1982) . Over time, a negative feedback may develop where lack of food trees discourages visits by frugivores and further reduces seed dispersal and regeneration. Murcia (1996) suggests that remnants of less than 500 ha may not support viable populations of most tropical tree species, while obligate outcrossers are especially vulnerable at low population densities. Hall et al. (1996) demonstrated genetic erosion and lower rates of flowering and fruiting in small, fragmented populations of Pithecellobium elegans, a tropical tree in Costa Rica. However, our study showed higher levels of fruiting in small forests relative to large forest fragments, indicating that genetic variability may remain high among trees isolated in these small forests. We speculate that Sumba's forests are in a dynamic phase and that the full impact of fragmentation has not been expressed. Tropical trees generally live for more than 100 years (Kellman et al. 1996) and genetic deterioration may take several generations to become evident. The upward shift in average DBH and basal area of trees in small forests on Sumba suggests that little regeneration is occurring as the start of longer-term effects of fragmentation. Human disturbance may further limit regeneration and recruitment in small forests since they have a greater edge-to-interior ratio and are more accessible to local people. Small forests on Sumba had 6 times as many stumps per plot as large forests, a higher percentage of tree inversions and a higher percentage of coppicing.
Although Sumba Hornbills may reside in and prefer large forest fragments, small patches located within ranging distance of large patches may still be critical for their conservation. This study showed that small patches were used intermittently throughout the year and O' Brien et al. (1998) reported that almost half of the forests under 500 ha were used seasonally by hornbills when figs were in fruit. Small forest fragments may offer a safe haven for resting or roosting during dispersal and inter-forest movement, and they may provide an occasional essential fruit resource or nesting cavity. Alternatively, birds using small fragments may be subordinates displaced from better patches or hopeful colonists doomed to die.
We hypothesize that Sumba Hornbills may take advantage of a network of small and large patches to move through the surrounding agricultural matrix. Thus Sumba Hornbills may constitute one or more free-mixing subpopulations, with birds periodically disappearing from and recolonizing patches if the forest is not too small and isolated. More data are needed on hornbill ranging patterns, mortality rates and reproduction to test this hypothesis.
